Abstract: Stromal collagen organization has been identified as a potential prognostic indicator in a variety of cancers and other diseases accompanied by fibrosis. Changes in the connective tissue are increasingly considered for grading dysplasia and progress of oral squamous cell carcinoma, investigated mainly ex vivo by histopathology. In this study, polarization-sensitive optical coherence tomography (PS-OCT) with local phase retardation imaging is used for the first time to visualize depth-resolved (i.e., local) birefringence of healthy human oral mucosa in vivo. Depth-resolved birefringence is shown to reveal the expected local collagen organization. To demonstrate proof-of-principle, 3D image stacks were acquired at labial and lingual locations of the oral mucosa, chosen as those most commonly affected by cancerous alterations. To enable an intuitive evaluation of the birefringence images suitable for clinical application, color depth-encoded en-face projections were generated. Compared to en-face views of intensity or conventional cumulative phase retardation, we show that this novel approach offers improved visualization of the mucosal connective tissue layer in general, and reveals the collagen fiber architecture in particular. This study provides the basis for future prospective pathological and comparative in vivo studies non-invasively assessing stromal changes in conspicuous and cancerous oral lesions at different stages.
Motivation
Oral squamous cell carcinoma (OSCC) is the most common malignant lesion of the oral cavity and is considered to be mostly curable in the case of early detection and treatment [1, 2] . Progression to malignancy is primarily related to two components -the action of malignant epithelial cells and the reaction of the stroma (extracellular matrix) of the oralorganization (i.e., arrangement and density) by polarized light microscopy using Picrosirius red staining (PSR-POL) [4] [5] [6] [7] [8] [9] . Whereas PSR-POL is an established method for visualizing collagen fibers in histopathological sections, due to its low cost and availability in most clinical laboratories, second harmonic generation (SHG) microscopy is the gold standard for assessing collagen properties in experimental research settings, because of its high resolution and nondestructive imaging of both stained and unstained tissues up to 200 µm thick, many times the thickness of standard 5-µm pathology sections. However, the link between reduced collagen organization and oral tumor progression has primarily been investigated by means of PSR-POL [4] [5] [6] [7] [8] and only occasionally by SHG microscopy [10, 11] . PSR-POL has shown that the oral stroma undergoes a change in birefringence, because of altered arrangement and density of its collagen fibrils, predominantly caused by tumor invasion [8] . Welldifferentiated OSCCs often show distinct deposits of collagen with higher birefringence around the tumor; whereas, moderately and poorly differentiated OSCCs show lower birefringence.
PSR-POL is limited to histology and SHG microscopy is challenging in vivo due to the limited field-of-view (FOV) and high magnification. As an interesting alternative, we propose polarization-sensitive optical coherence tomography (PS-OCT) for in vivo imaging of collagen fiber organization in the human oral mucosa, employing the intrinsic birefringence of collagen as the contrast mechanism, and combined with reconstructing the local, depthresolved tissue birefringence. Even though optical coherence tomography (OCT) has inferior spatial resolution (1-20 µm lateral, 1-15 µm axial) than SHG microscopy (~0.5 µm lateral, 1 -2 µm axial), it is attractive due to its large imaging depth of ~1 mm in soft tissue, wide FOV (from a few to tens of square millimeters), fast acquisition rates and workflows, with the potential for real-time imaging under in vivo conditions, suitable for clinical translation [12] . Conventional intensity-based OCT has previously been used for the detection of oral (pre-) cancerous lesions, in animal and human studies, to evaluate in vivo oral dysplasia and malignancies [13] [14] [15] [16] , but without investigating the polarization properties of the oral mucosa.
By extending OCT to measuring the polarization state of the light returning from the sample, additional tissue-specific contrast, such as birefringence of aligned fibrous structures, is obtained [17, 18] . In most PS-OCT studies in biomedical and clinical research, including previous studies on healthy and pathologically altered oral mucosa in animal models [19] and humans [20] [21] [22] [23] [24] [25] , images showing cumulative (phase) retardation has been reported. Some studies have started to improve this by presenting en-face parametric maps of birefringence averaged over appreciable fractions of a millimeter, with encouraging results [26, 27] . The problem is that cumulative retardation is difficult to interpret locally, on a depth-resolved basis, especially in tissues consisting of several layers with different values of birefringence. To address this, several different approaches, based on determining localized Jones matrices from depth-localized retardation measurements, have been introduced, considerably improving interpretation of birefringent tissue structures [28, 29] . Since the local Jones matrix measurement is vulnerable to low SNR, averaging techniques have been introduced, e.g., based on the coherent Jones formalism [30] [31] [32] [33] [34] or the Mueller formalism [35] [36] [37] [38] [39] [40] . Focusing on collagen assessment, local birefringence (henceforth, referred to as depth-resolved birefringence) imaging was performed using local retardation reconstruction methods for eye [32, 41] , skin [33, 36] and breast [37] imaging.
To the best of our knowledge, for the first time, we visualize non-invasively the stromal collagen organization in healthy oral soft tissue in vivo with images of depth-resolved birefringence, reconstructed from measurements with PS-OCT. Moreover, for the first time, healthy oral collagen structures are visualized using a novel en-face color-based depthencoded projection of depth-resolved birefringence obtained using PS-OCT. The current realization has an FOV of 2.1 mm × 2.1 mm, images collagen at depths up to 400 µm, and conveys all essential information conveniently in a single image. Our method and results suggest the way forward for further studies assessing malignant stromal alterations in oral cancer.
Methods

Experimental setup
The PS-OCT system setup was based on a wavelength-swept light source (AXP50125-6, Axsun, USA) centered at λ = 1310 nm with Δλ = 110 nm and a modified fiber-coupled MachZehnder interferometer (Fig. 1) , and has been described in detail recently [37] . Imaging at 1300 nm wavelength provides deeper penetration than at 800 nm but a detailed comparison of wavelengths has not been made in the oral mucosa [42] [43] [44] . Fig. 1 . PS-OCT system with standard scanner head modified from [37] for imaging the oral mucosa of the anterior human oral cavity in vivo. The system contains a swept laser source, a fiber-based interferometer including a polarization delay unit, a scanning unit for 2D beam deflection, a reference arm and a polarization-diverse balanced receiver. FC, fiber coupler; OC, optical circulator; RM, reference mirror; BS, beamsplitter; PBS, polarizing beamsplitter; S,P, orthogonal input polarization states; BD, balanced detectors; H,V, horizontal and vertical polarization state channels; GS, galvanometer scanner.
Briefly, a free-space polarization delay unit (PDU) was placed in the sample arm to generate two orthogonal linear polarization states with different delays (passive polarization multiplexing) [45] [46] [47] . After recombination of the light from sample and reference arms using a non-polarizing beamsplitter, its two outputs were further split into orthogonal polarization states by polarization beamsplitters (PBS) in each path and separately detected with balanced detectors (PDB460C-AC, Thorlabs Inc., USA), often referred to as a polarization-diverse balanced receiver. The system acquisition rate was electronically adapted using the frequency-doubled sampling clock of the swept source to achieve an adequate imaging depth range (similar to [47] ) for recording of the depth-multiplexed polarization states. A trigger generated by a fiber Bragg grating is used to remove the timing jitter issue in [37] . A standard OCT scanning unit, consisting of a fiber collimator (F220APC-1310, Thorlabs Inc., USA), a pair of galvanometer scanners (GVS002, Thorlabs Inc, USA) and a scanning lens (LSM02, Thorlabs Inc., USA), was used for imaging. A set of 1000 × 1000 A-scans was acquired over an area of (2.1 × 2.1) mm 2 at an A-scan rate of 50 kHz. The measured lateral and axial resolutions are 12 µm and 14 µm, respectively; thereby, the FOV was oversampled at six samples per resolution element.
Anatomical and histological background
For the interpretation of the subsequent imaging results of non-birefringent and birefringent oral structures, the histological and anatomical background is briefly given below. In general, the human oral mucosa consists of stratified squamous epithelium (EP) and an underlying connective tissue distinguished into lamina propria (LP) and submucosa. In turn, the lamina propria is divided into two layers: the superficial papillary layer (PL), associated with an irregular convoluted interface consisting of finger-like projections of connective tissue extending into the lower aspect of the epithelium; and the deeper reticular layer (RL) of gridlike tight connective tissue. Whereas the collagen fibers of the PL are thin and loosely arranged, the RL contains closely packed and net-like arranged bundles of collagen fibers which tend to lie in a plane parallel to the surface.
For this proof-of-principle study, representative mucosal structures of the readily accessible anterior oral cavity of one volunteer (female 34 years, nonsmoker) were imaged by PS-OCT in contact mode with a standard scanner head in combination with a thick transparent optical quartz glass window. Multiple measurement points of the healthy nonaltered oral mucosa were defined with advice from an experienced oral medicine specialist (Fig. 2) . The selection is based on highly accessible areas of the anterior oral cavity, which are statistically most frequently affected by alterations, such as the labial and lingual mucosa, as well as the floor of the mouth. In detail, the labial mucosa on the inner aspect of the lower lip (A) and the labial mucosa close to the vestibule (mucolabial fold) (B,C) were imaged. With regard to the tongue mucosa, the dorsal aspect at the tip of the tongue (D,E), the lateral aspect of the tongue (F,G), as well as the transition from dorsal to ventral tongue (H,I) were imaged. Finally, two locations of the ventral anterior tongue were imaged (J,K). 
Image processing
Image processing and reconstruction of tissue birefringence is mathematically described in detail in [37] . Briefly, birefringence is computed by constructing Mueller-Jones matrices from measured Jones matrices with subsequent spatial filtering (3D Gaussian filter with an axial and lateral FWHM corresponding to twice the axial and lateral resolutions, respectively) and extraction of the local phase retardation by a differential Mueller matrix formalism [35, 37] . Of particular relevance for the assessment of the collagen fiber organization is the generation of en-face projections briefly described below. A typical example of cross-sectional PS-OCT imaging of in vivo human labial oral mucosa ( Fig. 2(a) , position A) of the inner side of the lower lip is presented in Fig. 3 showing: (a) the backscattering intensity-based structural information; (b) depth-resolved tissue birefringence by means of the local phase retardation; and (c) the cumulative phase retardation. Regarding the structural intensity signal ( Fig. 3(a) ), the epithelium (EP) with the adjacent papillary layer (PL, upper part of the oral connective tissue) and subsequent reticular layer (RL) are visible. Beyond that, minor salivary glands (SG) can occasionally be found. Considering the birefringence information, the benefit of calculating the local phase retardation and reconstructing the depth-resolved birefringence ( Fig. 3(b) ) becomes apparent through the greatly improved visualization of highly aligned collagen fibers, running almost parallel to the EP layer, which is difficult to identify from the cumulative phase retardation (Fig. 3(c) ). There, vertical lines of higher retardation commencing in the RL result from the cumulative measurement, where the polarization change of the incoming light due to aligned collagen fibers in the RL is retained in the cumulative retardation whilst the light travels through the subsequent non-birefringent salivary gland. To gain a better view of the collagen fiber organization, single en-face slices were generated from the same data set for (d) the intensity signal, (e) the depth-resolved birefringence and (f) the cumulative phase retardation, visualizing single projection views within the RL at a depth of 265 µm below the surface (black arrows in Figs. 3(a) and (c)). Even with careful inspection of the cumulative retardation ( Fig. 3(f) ), the collagen fiber structure organization within the RL is more difficult to interpret due to the cumulative measurement. There, the connective tissue papillae within the overlaid PL already result in a low cumulative retardation, which is blurred across the entire width of the en-face slices over the whole measurement depth range. In addition to the collagen fiber layer above the salivary gland (SG), muscle structure can be identified by the strong birefringence signal at greater depth ( Fig. 2(b) ). We anticipate that it may be beneficial in future clinical applications to visualize the collagen organization in a single en-face projection, instead of a series of single en-face images. Thus, we reduced the 3D stack of local birefringence ∆n voxels to a 2D image with color-encoded depth information. This visualization is shown for the stack of en-face slices of the preceding data set (Fig. 3) via the average intensity projection (Fig. 4(a) , AVG intensity) as well as the maximum intensity projection of the local birefringence Δn (Fig. 4(b) , MIP Δn) for the depth range of 214-367 µm below the surface. AVG intensity gave better contrast by inspection than MIP intensity. The depth range representing the RL is manually determined from the averaged birefringence and intensity signals of the detected 1000 × 1000 A-scans versus depth.
The 3D stack of Δn en-face slices is color-encoded to highlight the variation of collagen fiber alignment versus depth, as shown in Fig. 4(c) . The maximum intensity projection of this color-encoded sequence of Δn, for the depth range containing the RL with tight collagen fiber content, was generated using the 'Time Series Color Coder' macro for Fiji software with a specifically designed isoluminant look-up table [49] and is presented in Fig. 4(d) . The depthresolved tissue birefringence is, thus, presented in a single color-depth-encoded en-face projection, which offers considerably enhanced contrast over the simple averaged (AVG) intensity signal. Additionally, the visibility of the grid-like collagen fiber network is greatly enhanced by means of simple MIP Δn
Experimental results
The labial and lingual oral mucosa offer the highest level of collagen fiber organization in the healthy oral cavity and are, besides the floor of the mouth, the most susceptible areas to carcinogenic alterations. Therefore, these readily accessible regions were used in this proofof-principle study of depth-resolved birefringence imaging of healthy human oral mucosa. 
Labial oral mucosa
Imaging results of the labial oral mucosa at measurement point A (Fig. 2) , are presented as a series of en-face images showing the transition from epithelium (EP) to connective tissue layer (papillary and reticular layers, PL and RL) by means of the intensity signal and the depth-resolved birefringence, as well as the cumulative phase retardation (Fig. 5) . For this example, en-face slices were first extracted at depths of 117 µm and 184 µm below the surface for presenting the papillary layer, which contains finger-like connective tissue papillae extending beyond the average epithelial layer depth visible through their lower scattering as seen in the en-face intensity projection (squares in Fig. 5(a) , depth 117 µm) and the noticeably birefringent circular structures in the en-face projection of the local (depthresolved) birefringence (squares in Fig. 5(b) , depth 117 µm). The gland duct orifice of a subsequent minor salivary gland is clearly identified by means of the circularly arranged collagen fiber bundles in the en-face slice (asterisk in Fig. 5(a,b) , depth 184 µm), similarly imaged by cumulative retardation in a previous study [22] . Underneath, the lamina propria is visualized by its increased reflectivity (Fig. 5(a) , depth 240 µm and 270 µm) caused by the highly backscattering connective tissue. The birefringent collagen network of the RL within the lamina propria is readily apparent as the grid-like tight arrangement of collagen fibers (cross signs in Fig. 5(b) , depth 240 µm and 270 µm). Again, assessing the collagen fiber organization by means of the cumulative phase retardation is challenging because of slightly birefringent connective tissue papillae within the PL causing blurring of the retardation over the entire measurement range. Additionally, a series of en-face images of the labial oral mucosa at measurement point B and C (Fig. 2) , containing the intensity signal and the depth-resolved birefringence, are presented below (Fig. 6 ). As expected, the alveolar mucosa close to the vestibular fold exhibits dense fibrous connective tissue with parallel aligned collagen fibers, which can be readily identified by the en-face projections of the local birefringence. Furthermore, minor salivary glands are found at larger depths presenting as low scattering regions (asterisk in Fig.  6(a), 6(c) ). Apart from the birefringent structure indicated by the cross symbol in Fig. 6(a) , collagen fibers are highly aligned. Additionally, a capsule of connective tissue surrounding the salivary gland is clearly visible in the depth-resolved birefringence projection (asterisk in Fig. 6(a), 6(c) ). The septae of connective tissue originating from the capsule can be also identified (plus sign in Fig. 6(c) ). Color depth-encoded en-face projections of the depthresolved birefringence provide single images revealing the collagen fiber organization throughout the projected tissue depth range (Fig. 6(b), 6(d) ).
Lingual oral mucosa
Malignant alterations are frequently observed at rapidly changing transitions between different epithelial types. Therefore, the dorsal side of the volunteer's tongue was imaged in vivo at the tip and the outer third of the tongue body ( Fig. 2(b) , positions D and E). The dorsal side of the tongue is covered by a functionally masticatory mucosa with different types of lingual papillae. Images of the distinctive specialized oral mucosa, containing mainly filiform but also fungiform papillae, are presented for the tip of the tongue (Fig. 7(a) , position D) and for the lateral side of the dorsal tongue (Fig. 7(c) , position E). In each example, a large papilla with a dominant highly reflecting connective core containing a collagen fiber bundle can be identified, due to the non-keratinized epithelium, as an indicator for a fungiform papillae (asterisk in Fig. 7(a), 7(c) ). In addition, smaller filiform papillae (plus signs in Fig. 7(c) ) are the most numerous lingual papillae with a keratincontaining epithelium and were imaged from the side (due to the contact mode measurement) so that the keratinized tip is not disruptive in visualizing the underlying structures. The two small papillae at the lower right side of the en-face projections (squares in Fig. 7(a) ) exhibit a circular shape in combination with a backscattering signal from larger depth but no highly reflecting connective tissue core with corresponding birefringent signal. The reason for the weak birefringent contrast of the border of each papilla could be due to the orientation and/or the amount of aligned collagen fibers surrounding the papillae.
Progressing towards the posterior lateral border of the tongue (points F and G in Fig. 2(c) ), much smaller non-keratinized papillae become visible (asterisks in Fig. 8(a),  8(c) ). The filiform papillae do not have a significant connective tissue core detectable with PS-OCT but instead collagen fibers surround these small papillae. Comparing the measurements slightly closer to the dorsal side (position F in Fig. 2(c) ) with those closer to the lateral tongue (position G in Fig. 2(c) ), fewer papillae and lower birefringence due to a significantly lower content of thick aligned collagen fibers can be noted for the more lateral position (Fig. 8(c) ). In contrast, the collagen content is increased towards the ventral tongue but shows a high variability in fiber orientation, especially at larger depths. The parts with no birefringence and less backscattering intensity (asterisk in Fig. 9(a), 9(c) ) correspond to regions of the upper connective tissue (lower part of the papillary layer) with less collagen content in comparison to the adjacent reticular layer with highly aligned and strongly reflecting collagen fibers (cross signs in Fig. 9(a), 9(c) ). For completeness, the ventral side of the tongue was imaged (positions J and K Fig. 2(d) ). The results cannot be interpreted in a straightforward manner on first examination. However, with the prior knowledge gained here, one can again clearly identify less birefringent regions belonging to the upper connective tissue (papillary layer, asterisks in Fig. 10(a) ). Furthermore, highly reflecting regions with lower birefringence are probably anchor points, where collagen orientation is almost parallel to the incident sample beam, with the consequence that only less or no birefringence is measurable (plus sign in Fig. 10(a) ). Additionally, the circular structures in the projection of the depth-resolved birefringence (circles in Fig. 10(c) ) are caused by connective tissue surrounding a larger blood vessel. In general, the central part of the ventral tongue ( Fig. 2(d) ) contains a high content of aligned collagen fibers resulting in strong contrast in the depth-resolved birefringence projection images. 
Discussion and conclusion
In previous PS-OCT studies, the human oral mucosa has been evaluated based on cumulative phase retardation [20] [21] [22] [23] [24] , which is considerably more difficult to interpret than depthresolved birefringence, as exemplified in Fig. 3 in this manuscript [34, 36] . Furthermore, we have demonstrated an approach to collapsing 3D volumetric local-birefringence image data into depth-encoded en-face parametric images. In particular, our results demonstrate the great potential of depth-resolved birefringence for visualization of collagen fiber organization within the upper connective tissue layer. In detail, the healthy reticular layer (RL) we investigated, with measured thickness in the range 100-200 µm, is well suited to be represented by a single 2D MIP image. The conditions for imaging aligned collagen fibers within the RL of the oral lamina propria by PS-OCT are optimal because the fiber orientation is mainly perpendicular to the incident sample beam, particularly when using a glass plate in contact mode, as in the present study. Further, we have shown this configuration leads to strong backscattering signals, with good SNR, relatively large phase retardation and strong local birefringence contrast. Even though our OCT system, with spatial resolution of 12 -14 µm, cannot directly resolve the fibrillar collagen (mainly type I and III [50] ) within the reticular layer, the larger fiber composite structures it forms can be detected by the polarization-sensitive measurement with lateral oversampling (at six samples per resolution element), which allows for the effective depiction of the collagen fiber arrangement. Moreover, structures linked to aligned collagen fibers, such as gland duct orifices and subsequent minor salivary glands, can be identified. We additionally note that depth-resolved birefringence measured by PS-OCT is sensitive to the sub-resolution, even sub-wavelength, structures not spatially resolved, and therein lies one its key advantages as a source of additional contrast. En-face projections of the 3D PS-OCT data set provide new insights into the collagen fiber organization of the oral mucosa, especially in comparison to common PS-OCT crosssectional (B-scan) imaging and ex vivo PSR-POL, which is conventionally based on crosssectioning in depth. For histological biopsy examination of thin tissue slices by means of PSR-POL, it is challenging to assess the collagen fiber organization as cross-sections typically cut across the collagen fiber plane. Thus, depth-resolved birefringence presented as en-face images could provide an alternative non-invasive means to access information on the connective tissue of the oral mucosa during prospective preoperative examinations. At the very least, PS-OCT could serve as an adjunct to routine histopathology for studying stromal changes at the invading front of the tumor island, which, in turn, could help to develop a grading system for tumor behavior/progression in vivo. For in vivo imaging, a hand-held device will be necessary, with rigid or fiber-based endoscopic head [12, 51, 52] , combined with a sufficiently high scan rate to avoid motion artifacts. Additionally, the combination of optical coherence angiography (OCA) [51, 53] revealing microvascular anatomy with PS-OCT may increase the potential for staging of oral tumor invasion in advanced cancerous lesions non-invasively.
With regard to oral squamous cell carcinoma in particular, previous studies using polarized light microscopy have shown that distinct deposits of collagen with high birefringence, mainly around the tumor islands (neoplastic epithelial cells/islands), are present in well-differentiated lesions [4] [5] [6] [7] [8] 54] . The reason for the strong birefringence could be newly formed thick bands of collagen fibers consisting of densely packed fibrils [4, 55, 56] . In contrast, in moderately and poorly differentiated squamous cell carcinoma, the collagen fibers were reticular fibrillary and more disorganized. Thus, the extent to which invasion in oral squamous cell carcinoma may be assessed by depth-resolved birefringence using PS-OCT remains to be investigated in future studies. In general terms, the motivation is the improved distinction between the tumor island and the surrounding healthy collagen network within the thin RL and, consequently, the better evaluation of the tumor border as a possible marker for tumor progression in vivo. For this, the depth range used for the color-encoded MIP must be chosen appropriately depending on the tumor dimensions and the nature of its transition to the adjacent healthy RL.
In summary, PS-OCT with depth-resolved birefringence based on a differential Mueller matrix formalism [35, 36] was used for the first time for the visualization of the collagen content of the fibrous connective tissue layer of healthy human oral mucosa. In this study, we have imaged and assessed variations in collagen fiber alignment in the human labial and lingual oral mucosa in vivo, with the main observation of high birefringence within the lamina propria caused by a high level of collagen organization. Looking forwards, color depthencoded en-face projections may offer a more intuitive way of viewing OCT data, with the aim to make clinical assessment of the scanned oral area more efficient. The results of this study motivate future pathological and comparative studies assessing cancer-induced stromal changes in the human oral connective tissue non-invasively by PS-OCT. 
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